Purpose: To determine whether the cif gene is present in pathogenic Pseudomonas aeruginosa isolates from patients with bacterial keratitis at Aravind Eye Hospital, a referral eye care center in southern India, and from corresponding environmental isolates.
I
nfectious keratitis remains a leading cause of visual impairment worldwide. In the developing world, the incidence of corneal ulcers is tenfold higher than in the United States. 1 Pseudomonas aeruginosa is the most common gram-negative isolate in keratitis studies and is often the first or second most common bacterial pathogen overall. [2] [3] [4] Moreover, it is responsible for a disproportionate amount of morbidity from bacterial keratitis (BK). 5 Ocular Pseudomonas infections generally develop acutely within 24 hours of exposure. 6 Although many agree that disruption of the corneal epithelium due to trauma or contact lens wear contributes a mechanical component to the pathogenesis of BK, 7 the mechanisms that result in rapid-onset infection and severe ulceration remain an area of active research interest.
In addition to ocular infections, P. aeruginosa also commonly colonizes the urinary tract, burn wounds, and the lung. 8 To establish chronic infections of the lung, P. aeruginosa secretes a variety of virulence factors that affect the surrounding microflora and host innate immune barriers. 9 The cystic fibrosis transmembrane conductance regulator (CFTR) inhibitory factor (Cif) is an epoxide hydrolase virulence factor that is delivered into the cytoplasm of host airway epithelial cells and decreases levels of CFTR, an ATP-binding cassette transporter responsible for maintaining properly hydrated airway-surface liquid in the lung. 10 By removing CFTR, Cif may facilitate biofilm formation and infection. This hypothesis is supported by the observation that P. aeruginosa cif gene expression persists longitudinally in patients with cystic fibrosis (CF) with chronic lung infection. 10, 11 Further study of the role of this virulence factor in BK could elucidate previously undiscovered epoxide signaling mechanisms on the ocular surface. In this retrospective cross-sectional study, we examined clinical isolates of P. aeruginosa BK to determine whether the presence of the cif gene correlates with ocular infectivity.
MATERIALS AND METHODS

Clinical Isolates
Strains of P. aeruginosa were isolated from ocular infections of patients presenting to Aravind Eye Hospital, Madurai, India. Per institutional protocol, all corneal ulcers were referred to the Cornea Department, where corneal scrapings and bacterial culture were performed under anesthesia with published methods. 12 All samples were obtained in accordance with procedures approved by the Aravind Institutional Review Board. This study has been approved as exempt human subject research by the Dartmouth Committee on the Protection of Human Subjects.
Environmental Isolates
Environmental soil samples were collected from the area surrounding Aravind Eye Hospital, Madurai, India. To each soil sample collected, sterile phosphate-buffered saline was added; samples were inverted and incubated for 2 hours at 37°C. Samples were centrifuged and 100 mL of each supernatant was plated on PA isolation agar. 13 Samples were incubated overnight at 37°C. Two colonies from each isolate plate were selected and subcultured into 5 mL of Miller lysogeny broth. 14 In addition to the newly cultured environmental isolates, 10 isolates of P. aeruginosa were obtained from Madurai Kamaraj University. All environmental isolates were subcultured into 5 mL of lysogeny broth. All samples were 16S rRNA gene sequenced, and sequencing results were entered into the NIH BLAST (Basic Local Alignment Sequence Tool) database. Results were used to determine species identity.
Colony PCR
For each PCR reaction, a final concentration of 0.2 mM forward and reverse primer, 25 mL Quick-Load Taq 2x Master mix (NEB M0271S) to a final volume of 50 mL with ddH 2 O. Colonies measuring 1 mm in diameter were picked up with a sterilized pipette tip and directly transferred to the PCR tube as the DNA template. The thermal cycle program consisted of 1 cycle of 95°C for 10 minutes, 95°C for 30 seconds, 62°C for 30 seconds, 68°C for 2 minutes, return to 95°C and repeat from step 2 for 32 additional cycles, 68°C for 10 minutes, and final incubation at 4°C. Primers used were as follows: cif_forward 59-CTG AGG AAG TCG ATC ACC AG-39, cif_reverse 59-GAT CCT CGA TAG ACT CTG CC-39, rplU_forward 59-TTA CCG GTG GCA AGC AGC ACA AAG-39, rplU_reverse 59-TTC ACG TCT TCG CCA TTG GCA ACC-39. For all experiments, strain PA14 was used as a positive control, and the presence of the P. aeruginosa rplU gene sequence was used to confirm bacterial species identity. PCR-amplified DNA fragments were observed by 1% agarose gel electrophoresis (wt/vol, Invitrogen 16,500) and SYBR Safe DNA stain (Invitrogen S33102). The amplified DNA fragments were visualized by UV illumination.
Strain Sequencing
DNA from isolates was purified using the Puregene kit (Qiagen 158522). A PCR targeting 16S rDNA was performed on both environmental and clinical P. aeruginosa isolates. For a 50-mL reaction, 1 mL of 200 mM dNTPs, 5 mL of reaction buffer (Tris with MgCl 2 ), 10 pM forward primer (U2F: 59-GGC GTG CTT AAC ACA TGC AAG TCG-39) and reverse primer (Ru3R: 59-GCG GCT GGC ACG TAG TTA G-39). 1.2 U/mL of Taq polymerase was used. Amplification was performed in a thermal cycler (PTC 200) yielding a 470-base pair product. DNA sequencing of 16S rDNA amplicons was performed commercially after purification of amplified products (Bio Basic Inc, Bangalore Genei, India). Cyclic PCR amplification was performed using the BigDye Terminator v3.1 followed by sequencing using the Genetic Analyzer 3130. The sequences obtained were then compared with the BLASTn database at the National Center for Biotechnology Information Web site (http://www.ncbi.nlm. nih.gov/BLAST/). BLAST outputs were sorted based on maximum identity, and identifications were made when BLAST searches yielded at least 85% and for closely related species with more than 90% of query coverage.
RESULTS
The Cif Gene Is Present in the Majority of Clinical Isolates of P. aeruginosa
In total, we collected 48 clinical BK isolates from Aravind Eye Hospital in Madurai, India, from 2006 to 2010. 5 Clinical records were available for 15 of these isolates. These records show an average patient age of 46 with male predominance (66%) comparable to 2011 Madurai census data. 15 A small subset of patients were immunosuppressed secondary to corticosteroid use (n = 5) or poorly controlled diabetes mellitus (n = 5) at the time of infection. Additionally, 3 patients among the cohort self-reported a history of corneal trauma.
To test the hypothesis that the cif gene may also be present in acutely pathogenic strains, such as those responsible for BK, we performed a colony PCR on subcultures of the BK isolates. We used previously validated primers targeting the cif gene and P. aeruginosa 50S ribosomal subunit L21 (rplU). P. aeruginosa strain PA14 was included as a positive control in all experiments. Analysis of 48 unique samples revealed that 94% of isolates were cif positive, with only 3 pathogenic samples failing to amplify the cif gene (Fig. 1) . For all isolates, the PCR was run in experimental triplicates. All strains were rplU positive, consistent with the species identification as P. aeruginosa.
Cif Is Less Prevalent in Environmental Isolates
Because the cif gene was present in the majority of clinical Pseudomonas isolates tested from Aravind Eye Hospital, we next sought to determine the prevalence of this gene in strains isolated from the surrounding environment. We analyzed 10 strains of P. aeruginosa previously isolated from local soil samples. In a colony PCR, all 10 isolates tested positive for rplU, corroborating species identity. In contrast to the patient samples, only 4 of the 10 environmental strains were positive for the cif gene. We also isolated and analyzed additional soil strains and identified 14 nonaeruginosa Pseudomonads, of which only one tested cif positive (Table 1) . These results suggest that P. aeruginosa isolated from patients with keratitis may be enriched for the presence of the cif gene in comparison with environmental Pseudomonas strains.
DISCUSSION
In this study, we provide the first evidence that the cif gene is present and its frequency is most likely enriched in the genomes of pathogenic P. aeruginosa strains isolated from patients with BK, suggesting a potential role for cif in acute infection. The cif gene was less prevalent in a collection of environmental P. aeruginosa when compared with the near ubiquity of cif in clinical strains. Additionally, we identified 14 non-aeruginosa Pseudomonas species, and interestingly, one of these strains harbored the cif gene. The lower prevalence of cif in the genomes of the environmental isolates compared with patient isolates may indicate that Cif facilitates colonization or maintenance of infection.
There is strong evidence to suggest that Cif serves as a virulence factor in the colonization and infection of the lung by P. aeruginosa. 10, [16] [17] [18] [19] [20] Although lung infection has been the predominant focus of Cif research, there is limited evidence to suggest that this virulence factor may play a role during infection at other sites and in patients without CF. Inoculation of P. aeruginosa strain PA14 in the rat peritoneum induces a 16-fold increase in cif mRNA expression. 21 Our observations extend the range of opportunistic niches in which Cif may contribute to the infectious potential of P. aeruginosa.
Cif is an epoxide hydrolase with enzymatic activity that is required for its cellular effect on CFTR. [22] [23] [24] [25] In addition, Cif has been shown to exert effects on other ATPbinding cassette (ABC) transporters-the transporter associated with antigen processing 1 (TAP1) 16 and the drug efflux pump p-glycoprotein in the kidney and intestinal epithelium. 26 Thus, there may be additional ABC transporters affected by Cif that remain to be identified, which play a role in ocular infection by P. aeruginosa. Furthermore, endogenous epoxides, including epoxyeicosatrienoic acids, are lipid mediators that serve as regulators of inflammation and hypertension. 27 Thus, based on its enzyme activity, an alternative role for Cif in ocular pathogenesis could be to dysregulate immune signaling mechanisms.
P. aeruginosa interacts indirectly with the epithelium during chronic infection. 10 Cif is transported into airway epithelial cells through outer membrane vesicles (OMVs) secreted by P. aeruginosa. These OMVs diffuse through overlying mucus and fuse with membrane lipid rafts, delivering virulence factors into the host cytoplasm. 28 OMVs are proinflammatory and cytotoxic to both pulmonary and corneal epithelia. 29 The immune response to P. aeruginosa strains in the eye is dominated by dense neutrophil infiltrates forming neutrophil extracellular traps. 28, 29 Cytotoxic strains that are associated with higher rates of morbidity, including vision impairment, are able to evade this neutrophil capture mechanism by secreting high amounts of OMVs. 29 This mechanism suggests that OMVs provide necessary factors for P. aeruginosa to establish corneal infection.
In principle, another explanation for the observed enrichment of cif+ strains could be the routine transfer of P. aeruginosa BK strains among patients. Indeed, in the context of CF, recent large-scale genomic sequencing of patient isolates of P. aeruginosa identified 10 bacterial clone types present at initial colonization in multiple subjects, several of whom may have experienced direct patient-to-patient transmission during overlapping hospital visits, whereas others may have been independently infected by closely related environmental strains. 30 However, unlike CF airway infections, P. aeruginosa keratitis is most often a community-acquired PCR amplification was performed on 14 species from soil. None corresponded to P. aeruginosa, although many were Pseudomonads. Only strain 2 was found to be cif positive.
infection and not transmitted in patient-care settings. In a number of studies, distinct subpopulations of P. aeruginosa have been isolated from patients with keratitis and are characterized by expression of specific virulence factors, suggesting that one or more subset(s) of environmental bacteria are also responsible for the majority of BK cases. [31] [32] [33] Thus, the relative enrichment of strains bearing the cif gene most likely reflects a selective advantage in the context of keratitis.
There are a few caveats to our conclusions. Sequencing of clinical and environmental isolates was performed with primers specific to the wild-type cif gene. Thus, a silent mutation at the primer-annealing site could produce a falsenegative result, although this variability would have to preferentially affect the environmental strains to skew these data. Additionally, our data address only the presence of the cif gene, not gene expression. Marvig et al 32 sequenced serial isolates from CF patients and identified convergent evolution of a large number of genes within distinct P. aeruginosa clones, suggesting regulatory network remodeling over time within each individual patient. Their conclusion suggests the presence of an evolutionary selective pressure to maintain genes that confer an advantage, regardless of gene expression throughout the course of infection. Many virulence factors vital to P. aeruginosa infection are maintained in highly conserved pathogenicity islands. 34 However, the cif gene does not reside within any established island, arguing for a specific functional role of the gene in acute ocular infection.
Taken together, these data suggest a potential role for Cif in the ocular infectivity of P. aeruginosa and thus lay the groundwork for follow-up studies. Ideally, future experiments will yield primary clinical isolates that can be analyzed not only for cif gene presence but also gene expression and Cif protein levels. Given the very high prevalence of cif genes among BK isolates (94% of patients), a larger sample cohort, as well as detailed medical records, will be required to determine the extent of Cif's contribution to the course of infection and ultimate outcomes. Additional insights may be provided by analyzing the prevalence of Cif in cases in which ocular infections with P. aeruginosa do not lead to BK. In parallel, we have developed a variety of matched strains of P. aeruginosa with Cif deletions or knock-ins of inactive mutations. 24, 35 Together with animal models of BK, 36 these strains will provide an excellent basis for validating the impact of Cif on colonization, persistence, antibiotic resistance, and severity of infection. In addition, the availability of recently developed Cif inhibitor molecules offers the prospect of developing therapeutic interventions or preventing infection for high-risk populations. 24, 37 
